2 The abbreviations used are: DED, death effector domain; rRNA, ribosomal RNA; S6K1, S6 kinase 1; PI3K, phosphatidylinositol 3-kinase; TOR, target of rapamycin; mTOR, mammalian TOR; MEF, mouse embryonic fibroblast; siRNA, small interfering RNA; GST, glutathione S-transferase; rpS6, S6 ribosomal protein.
Cell cycle regulation and biochemical responses upon nutrients and growth factors are the major regulatory mechanisms for cell sizing in mammals. Recently, we identified that the death effector domain-containing DEDD impedes mitotic progression by inhibiting Cdk1 (cyclin-dependent kinase 1) and thus maintains an increase of cell size during the mitotic phase. Here we found that DEDD also associates with S6 kinase 1 (S6K1), downstream of phosphatidylinositol 3-kinase, and supports its activity by preventing inhibitory phosphorylation of S6K1 brought about by Cdk1 during the mitotic phase. DEDD ؊/؊ cells showed reduced S6K1 activity, consistently demonstrating decreased levels in activating phosphorylation at the Thr-389 site. In addition, levels of Cdk1-dependent inhibitory phosphorylation at the C terminus of S6K1 were enhanced in DEDD ؊/؊ cells and tissues. Consequently, as in S6K1 ؊/؊ mice, the insulin mass within pancreatic islets was reduced in DEDD ؊/؊ mice, resulting in glucose intolerance. These findings suggest a novel cell sizing mechanism achieved by DEDD through the maintenance of S6K1 activity prior to cell division. Our results also suggest that DEDD may harbor important roles in glucose homeostasis and that its deficiency might be involved in the pathogenesis of type 2 diabetes mellitus.
Cell size is closely related to specialized cell function and to the specific patterning of tissues in the body. Cell sizing is reg-ulated mainly by two mechanisms: cell cycle control and the biochemical response to nutrients and/or growth factors (1) (2) (3) (4) (5) . During cell cycle progression, both the G 1 (which is believed to be dominant) and the G 2 periods are important for cells to increase their volume (6 -9) . In addition, we recently provided evidence that the mitotic period (M phase) also influences cell size, through analysis of DEDD-deficient mice (10, 11) . The DEDD molecule was initially described as a member of the death effector domain (DED) 2 -containing protein family (12) . Although the absence of DEDD did not apparently influence progression of apoptosis (10), we found that during mitosis, DEDD is associated with Cdk1-cyclin B1 and that it decreases the kinase activity of Cdk1. This response impedes the Cdk1dependent mitotic program to shut off synthesis of ribosomal RNA (rRNA) and protein and is consequently useful in gaining sufficient cell growth prior to cell division. Depletion of DEDD consistently results in a shortened mitotic duration and an overall reduction in the amount of cellular rRNA and protein and, furthermore, in cell and body size (10, 11) .
Of the biochemical responses responsible for cell sizing, the signaling cascade involving phosphatydilinositol 3-kinase (PI3K) and its downstream target of rapamycin (TOR) is most crucial (13) (14) (15) . In mammals, upon stimulation by growth factors, including insulin, the mammalian TOR (mTOR) cooperates with PI3K-dependent effectors to activate S6K1, thereby phosphorylating the 40 S ribosomal protein S6, and subsequently enhances translation of the 5Ј-terminal oligopyrimidine sequences that encode components of the translational machinery. This reaction increases the number of ribosomes and the efficacy of protein synthesis, thus critically promoting cell growth (16 -18) . Therefore, mice deficient for S6K1 (S6K1 Ϫ/Ϫ ) had reduced cell and body size (19 -23) . This effect also involves S6K1 in maintenance of glucose tolerance. S6K1 significantly supports the size of insulin-producing ␤ cells within pancreatic Langerhans islets (24, 25) . Thus, in S6K1 Ϫ/Ϫ mice, the insulin mass was diminished, which resulted in ineffective secretion of insulin upon glucose administration (21, 23) .
The activation of S6K1 proceeds through chronological phosphorylation at various residues, toward the crucial phosphorylation of Thr-389, present within the linker domain between the catalytic domain and the carboxyl tail, to obtain maximal enzymatic activity (26) . Interestingly, phosphorylation at several Ser/Thr residues within the C-terminal autoinhibitory tail appears to either activate or inhibit S6K1, depending on the cell cycle phase. Shah et al. (27) demonstrated that phosphorylation of those residues (featured by the Thr-421/ Ser-424 site) during mitosis pursued by Cdk1 inactivates S6K1 to terminate protein synthesis prior to cell division (28) . A recent report by Schmidt et al. (29) demonstrating that phosphorylation of Thr-421/Ser-424 is specifically increased during the G 2 /M phase may also support the finding, whereas during the G 1 phase, there is consensus that the phosphorylation at the autoinhibitory domain is requisite for S6K1 activation (26) , as also recently demonstrated by Hou et al. (30) , where the Cdk5 phosphorylates the Ser-411 site, leading to activation of S6K1. In contrast to such inhibitory regulation of S6K1 during mitosis, however, a recent report by Boyer et al. (31) sharply demonstrated that the activity of S6K1 peaks at mitosis, suggesting that S6K1 may also have some roles during the mitotic phase. If so, how its activity is supported against the inhibitory regulation caused by Cdk1 remains an open question.
Hence, the two observations above that both DEDD Ϫ/Ϫ and S6K1 Ϫ/Ϫ situations decrease the efficacy of ribosome and protein synthesis, resulting in smaller cell and body size, and that mitotic Cdk1 has a functional interaction with both S6K1 and DEDD led us here to assess a possible role of DEDD in the context of the functional regulation of S6K1.
EXPERIMENTAL PROCEDURES
Mice-DEDD Ϫ/Ϫ mice (10) had been backcrossed to C57BL/6 (B6) for 17 generations before they were used in experiments. Mice were maintained under a specific pathogenfree condition.
Antibodies-Antibodies used for experiments are as follows: anti-S6K1 phosphorylated at Thr-421/Ser-424, anti-S6K1 phosphorylated at Thr-389, anti-total rpS6 (clone 54D2), anti-rpS6 phosphorylated at Ser-240/244, anti-total Akt (clone 11E7), anti-Akt phosphorylated at Thr-308 (clone 244F9) (all are from Cell Signaling Technology, Beverly, MA); anti-S6K1 phosphorylated at Ser-411 (clone SC-7983R), anti-␣-tubulin and anti-insulin (clone H-86) (from Santa Cruz Biotechnology, Inc., Santa Cruz, CA); anti-cyclin B1 (clone GNS-11) and antitotal S6K1 (clone 16) (from BD Biosciences); anti-Hsp90 (clone SPA-830) and anti-Cdk1 (clone A17) (from Stressgen (Victoria, Canada) and Zymed Laboratories Inc. (South San Francisco, CA)).
S6K1 Kinase Assay-DEDD ϩ/ϩ or DEDD Ϫ/Ϫ mouse embryonic fibroblast (MEF) cells were lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM Na 3 VO 4 , 50 mM NaF, 5 mM EDTA, 0.1% Nonidet P-40, supplemented with a mixture of protease inhibitors). The cell lysates were clarified by centrifugation for 30 min at 14,000 rpm and immunoprecipitated with anti-S6K1 antibody preabsorbed to protein G-agarose beads at 4°C for 4 h. The immune complexes were washed twice with lysis buffer and once with kinase assay buffer (20 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 0.1 mg/ml bovine serum albumin, and 0.4 mM dithiothreitol). The kinase reaction was performed at 30°C for 15 min in the presence of 100 M ATP, 200 Ci/ml [␥-32 P]ATP, and 125 M S6 peptide substrate (RRRLSSLRA; Upstate Biotechnology Inc., Lake Placid, NY) and was terminated by the addition of 20 l of 250 mM EDTA and boiling for 5 min. Stopped reactions were loaded onto P-81 phosphocellulose membrane (Whatman, Maidstone, UK) and were washed with 75 mM phosphoric acid. The labeled probe was measured by liquid scintillation counting.
siRNA Transfection-Double-stranded siRNA targeting DEDD or Cdk1 were purchased from Applied Biosystems or Sigma, respectively. Wild-type MEF cells at a 50% confluent state were transfected with 10 M siRNA using Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, the cells were harvested and analyzed by Western blotting or reverse transcription-PCR. Sequences of the oligonucleotides were as follows: DEDD siRNA 1, 5-GCCCTGATCTTGTAGACAATT-3; DEDD siRNA 2, 5-AAATGGACGTGACTTCTTATT-3; Cdk1 siRNA 1, 5-CTATGATCCTGCCAAACGATT-3; Cdk1 siRNA 2, 5-GTTGTTACCGTTGGCTCTTT-3; Cdk1 siRNA 3, 5-CAATCAAACTGGCTGATTTTT-3. As a control, an oligonucleotide targeting the GFP sequence (Sigma) was used.
In Vitro Binding Assay-Glutathione S-transferase (GST)fusion proteins containing mouse DEDD, Cdk1, cyclin B1, or S6K1 were produced in Escherichia coli M15 carrying pGEX-5X1-DEDD, Cdk1, cyclin B1, or S6K1. These proteins were purified according to protocols described in the GST⅐Bind kit instructions (Novagen, Madison, WI). V5-DEDD, Myc-cyclin B1, or HA-Cdk1 was efficiently expressed in the baculovirus/ High Five cell system (Invitrogen). In each binding assay, 200 ng of GST fusion proteins or 100 l of High Five cell lysates were used. GST fusion proteins or High Five cell extracts were incubated with the anti-S6K1 or anti-cyclin B1 antibodies in lysis buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl 2 , 1 mM Na 3 VO 4 , 25 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 0.1% Nonidet P-40, supplemented with a mixture of protease inhibitors) at 4°C for 4 h and precipitated with protein G-Sepharose beads (Sigma). The pellets were washed three times with lysis buffer. The immunoprecipitates and total cell lysates were analyzed by Western blotting using anti-DEDD antibody. Note that the anti-DEDD antibody was newly generated by us and that this antibody is available for recognition of recombinant DEDD, but not of endogenous DEDD by immunoblotting.
Islet Isolation and Insulin Content-Isolation of islets from mice and assessment of insulin content within islet cells were carried out as described previously (32) . Briefly, after clamping the common bile duct at a point close to its opening into the duodenum, liberase RI (Roche Applied Science) was injected into the pancreatic duct. The swollen pancreas was removed and incubated at 37°C for 24 min. The pancreas was dispersed by pipetting, and dispersed cells were washed twice. Islets were manually collected through a stereoscopic microscope. These islets were used for the experiments immediately after isolation. Insulin content was measured as described previously (32) . Isolated islets were extracted in acid ethanol at Ϫ20°C, and after preincubation with the basal glucose concentration for 20 min, static incubation of 10 islets/tube was performed at 37°C for 1 h. Insulin levels were determined with an insulin enzyme-linked immunosorbent assay kit (Morinaga).
Primers for Reverse Transcription-PCR-Primers used are as follows: Hsp90␣, 5-GCGGCAAAGACAAGAAAAAG-3 (forward) and 5-CAAGTGGTCCTCCCAGTCAT-3 (reverse); Hsp90␤, 5-CTGGGTCAAGCAGAAAGGAG-3 (forward) and 5-TCTCTGTTGCTTCCCGACTT-3 (reverse); Akt1, 5-CCACGCTACTTCCTCCTC-3 (forward) and 5-TGCCCTTGCCAACAGTCTGAAGCA-3 (reverse); Akt2, 5-GTCGCCAACAGTCTGAAGCA-3 (forward) and 5-GAGAGAGGTGGAAAAACAGC-3 (reverse); G3PDH, 5-ACCACAGTCCATGCCATCAC-3 (forward) and 5-TCCA-CCACCCTGTTGCTGTA-3 (reverse); ␤-actin, 5-GTGGC-TACAGCTTCACCACCACAG-3 (forward) and 5-GCATC-CTGTCAGCAATGCCTGGGT-3 (reverse); DEDD, 5-GCG-GGATCCGCGGGCCTAAAGAGGC-3 (forward) and 5-GCGTCTAGAGTCTACAAGATCAGGGC-3 (reverse).
Quantification of Immunoblots-Quantification of the immunoblots was performed using NIH Image. Relative phosphorylation levels to those in control (shown as 1.0 Ϯ S.E.) are presented. For all immunoblotting experiments, at least three independent blots were performed.
Statistical Analysis-A two-tailed Mann-Whitney test was used to calculate p values. **, p Ͻ 0.01; *, p Ͻ 0.05; error bars, S.E.
RESULTS AND DISCUSSION

DEDD Prevents Inhibitory Phosphorylation of Mitotic S6K1
and Supports Its Activity-To test if DEDD is involved in regulation of S6K1 activity, we first investigated whether the lack of DEDD influences S6K1 activity. Significantly, levels of phosphorylation at Thr-389 of S6K1, a hallmark of active S6K1, was attenuated in DEDD Ϫ/Ϫ compared with DEDD ϩ/ϩ MEF cells that had been enriched in the mitotic phase by a nocodazole block (Fig. 1A, left) . Interestingly, reduction in Thr-389 phosphorylation was also observed in asynchronized DEDD Ϫ/Ϫ MEF cells (Fig. 1A, right) . Thus, such a DEDD activating effect on S6K1 at the mitotic phase appears to influence the overall S6K1 activity in cells. Furthermore, a kinase activity assay based on the incorporation of 32 P-labeled ATP demonstrated that S6K1 precipitated from DEDD Ϫ/Ϫ MEF cells had 50% less activity on a specific substrate of S6K1, rpS6, compared with that from DEDD ϩ/ϩ cells (442.54 Ϯ 30.79 (Ϫ/Ϫ) versus 850.67 Ϯ 26.63 (ϩ/ϩ) cpm normalized by the amount of precipitated S6K1 protein; Fig. 1B (top) shows a summary of data). This result was also supported by a reduction in phosphorylation levels of rpS6 in DEDD Ϫ/Ϫ compared with DEDD ϩ/ϩ MEF cells, when assessed by Western blotting (Fig. 1B, lower panels) . The reduction of the rpS6 phosphorylation level in the absence of DEDD was less remarkable than expected by the result from the kinase activity assay. This might be due to a possible func-tional redundancy caused by S6K2 in the phosphorylation of rpS6 (33) .
Since DEDD suppresses mitotic Cdk1 (10), increased Cdk1 activity in the absence of DEDD might enhance the inhibitory regulation of S6K1, leading to less S6K1 activity in DEDD Ϫ/Ϫ cells. Supporting this hypothesis, suppression of Cdk1 via siRNA expression increased Thr-389 phosphorylation in DEDD Ϫ/Ϫ cells (Fig. 1C) . We then assessed the phosphorylation status of the mitosis-specific inhibitory residue of S6K1, Thr-421/Ser-424, which is targeted by mitotic Cdk1. As presented in Fig. 1D , phosphorylation at Thr-421/Ser-424 was enhanced in mitotic DEDD Ϫ/Ϫ MEF cells compared with DEDD ϩ/ϩ MEF cells. In brief, in the absence of DEDD, the activity of S6K1 was substantially diminished due to hyperphosphorylation at the inhibitory Ser/Thr residues. The phosphorylation level at Ser-411 (also within the autoinhibitory tail) was also increased in DEDD Ϫ/Ϫ cells (Fig. 1D ). Although this result is consistent with the observation by Shah et al. (28) suggesting the presence of multiple Cdk1-dependent inhibitory phosphorylation sites, whether the mitotic phosphorylation at Ser-411 certainly decreases S6K1 activity remains arguable.
DEDD Associates with S6K1 through Its Proline-rich Region-We then tested whether DEDD associates with S6K1. We expressed FLAG-tagged DEDD in 293T cells and assessed whether S6K1 is co-precipitated with DEDD. Remarkably, S6K1 was bound to DEDD ( Fig. 2A) . Moreover, S6K1 co-precipitated with DEDD was deficient in phosphorylation at both Thr-421/Ser-424 and Ser-411, whereas the Thr-389 site was phosphorylated, suggesting that the association of DEDD with S6K1 prevents inhibitory phosphorylation of S6K1 that is caused by mitotic Cdk1 (Fig. 2A ). An in vitro assay using tagged recombinant proteins supported the notion that DEDD associates with S6K1 through Cdk1-cyclin B1, since DEDD was coprecipitated with S6K1 only in the presence of both Cdk1 and cyclin B1 (Fig. 2B) .
Next, in order to determine the region involved in the association of DEDD with S6K1, we designed a number of variant DEDD molecules (Fig. 2C) and tested their association with S6K1. As depicted in Fig. 2D , a DEDD variant lacking the proline-rich region did not bind to S6K1, indicating a requirement of the proline-rich region of DEDD for the association with S6K1. Note that in multiple experiments, the expression level of the V2 DEDD variant was lower compared with that of other types when expressed in 293 cells (Fig. 2D, bottom) . It is possible that the V2 DEDD variant may be structurally unstable.
Reduction in ␤ Cell Size and Insulin Mass Due to Decreased S6K1 Activity in DEDD Ϫ/Ϫ Pancreas-S6K1 is involved in control of glucose tolerance by supporting the size of insulin-producing ␤ cells in the pancreas (21) . As shown in Fig. 3A , the association of DEDD with S6K1 was certainly observed in ␤ cells when tested using a mouse pancreatic ␤ cell line, MIN6 (34) . In line with this finding, activating phosphorylation of S6K1 at Thr-389 was significantly decreased in these cells when DEDD was knocked down by siRNA expression (Fig. 3B) .
Also in vivo, diminishment of S6K1 phosphorylation at the Thr-389 site was apparent in the DEDD Ϫ/Ϫ pancreas compared with the DEDD ϩ/ϩ pancreas (Fig. 3C) . Furthermore, the DEDD Ϫ/Ϫ pancreas also exhibited an increase in phosphorylation levels at Thr-421/Ser-424 and Ser-411 residues, as seen in MEF cells (Fig. 3D ). We then assessed whether pancreatic islets FIGURE 2. DEDD forms a complex with S6K1 and Cdk1 via its proline-rich region. A, co-immunoprecipitation (IP) of FLAG-tagged DEDD (FLAG-DEDD) and S6K1, using anti-FLAG antibody. Precipitates were analyzed for the indicated items. Western blots (WB) of cell lysates for respective subjects are also presented. Note in 293T cell lysates, protein blot for total S6K1 using a mouse monoclonal antibody (clone 16; BD Biosciences) reveals double bands, as previously described (40, 41) . B, in vitro binding assay using recombinant proteins. C, schematic diagram of the structure of DEDD variants. Light blue region, nuclear localizing signal; black region, DED domain; orange region, proline-rich region. The numbers indicate amino acids starting from the first methionine. D, co-immunoprecipitation of S6K1 and FLAG-tagged DEDD variants, using an anti-FLAG antibody. were smaller in DEDD Ϫ/Ϫ mice than in DEDD ϩ/ϩ mice, as seen in S6K1 Ϫ/Ϫ mice. According to histological analysis, the size of each ␤ cell was reduced in DEDD Ϫ/Ϫ mice (Fig. 3E , top two panels), as also indicated by a higher density of ␤ cells within the islet (Fig. 3F) . Similarly, the insulin mass, determined by the ratio of ␤ cells to whole islet mass after immunostaining of pancreatic sections for insulin, was reduced by 50% in DEDD Ϫ/Ϫ mice ( Fig. 3, E (bottom two panels) and G). In agreement with this observation, insulin content within ␤ cells from DEDD Ϫ/Ϫ mice was significantly decreased when assessed by in vitro measurement using isolated pancreatic islets (Fig. 3H ). Furthermore, Western blot analysis demonstrated that the amount of insulin in the pancreas of DEDD Ϫ/Ϫ mice was decreased compared with that in the DEDD ϩ/ϩ pancreas (Fig.  3I ). Finally, Tdd-mediated dUTP-biotin nick-end labeling staining of the pancreas sections did not reveal any difference in DEDD Ϫ/Ϫ and DEDD ϩ/ϩ islets, suggesting no influence of the lack of DEDD on apoptosis of islet cells (data not shown).
Attenuated Insulin Secretion upon Glucose Stimulation in DEDD Ϫ/Ϫ Mice-Last, we assessed insulin secretion and glucose tolerance in DEDD Ϫ/Ϫ mice in vivo. To this end, we first kinetically analyzed the blood insulin levels in response to glucose administration after mice were fasted for 2 h. As expected from the overt reduction in ␤ cell size and insulin content (presented in Fig. 3 ), insulin levels were less elevated at 2 or 20 min after the glucose challenge in DEDD Ϫ/Ϫ mice compared with DEDD ϩ/ϩ mice (Fig. 4A ). Such inefficient insulin secretion in DEDD Ϫ/Ϫ mice resulted in glucose intolerance. As shown in Fig. 4B , at early times after the glucose challenge, blood glucose levels were more than 150% higher in DEDD Ϫ/Ϫ than in DEDD ϩ/ϩ mice, although they were comparable in both types of mice before glucose administration (Fig. 4B) . Two hours after the injection of glucose, when the blood glucose level decreased to the initial level in DEDD ϩ/ϩ mice, it was still twice as high as that under the fasted condition in DEDD Ϫ/Ϫ mice (Fig. 4B ). Thus, like in S6K1 Ϫ/Ϫ mice, DEDD Ϫ/Ϫ mice suffered glucose intolerance due to inefficient insulin secretion upon glucose stimulation, which is accounted for by a reduction in insulin mass in pancreatic islets.
Conclusion-In this report, we demonstrated that DEDD is required for preservation of S6K1 activity during mitosis and that this reaction increases overall S6K1 activity in cells. This finding may suggest that the maintenance of mitotic S6K1 activity by the time of cytokinesis appears to be important to gain efficient cell and body size in mammals. This scenario is consistent with the observation by Boyer et al. (31) , in which S6K1 activity achieves the maximal levels in the mitotic phase. As in our previous finding (10) , DEDD appears to be involved in cell growth control prior to cell division via different mechanisms (i.e. impediment of mitosis progression and maintenance of S6K1 activity). Importantly, both effects are achieved through suppression of mitotic Cdk1, although further studies are required to fully understand the mechanism of how DEDD suppresses mitotic Cdk1 activity. Nonetheless, such new insights may further implicate the mitotic phase during the cell cycle as a crucial period involved in balancing mammalian cell size.
Although the DED-containing molecules were initially supposed to be involved in apoptosis regulation, evidence has accumulated that they have diverse functions (35, 36) . For instance, Arechiga et al. (37) reported that FADD and caspase-8, also DED-containing family members, play essential roles in maintaining S6K1 activity during G 1 /S phases by modulating Cdk2 in T cells. Likewise, RIP1 (receptor-interacting protein 1), also a DED-containing kinase that mediates NFB activation, regulates p27 Kip1 levels through the PI3K-Akt-forkhead pathway, thereby promoting the G 1 /S transition (38) . Together with our findings of the effects of DEDD in the mitotic phase, these observations may corroborate that the DED-containing elements appear to be widely involved in the control of the PI3Ksignaling cascade as well as in the progression of different cell cycle phases. Because the PI3K pathway is crucial in the regulation of cell metabolisms, further studies might investigate the role of DED-containing proteins in various metabolic diseases. Since DEDD Ϫ/Ϫ mice revealed glucose intolerance, it might be worthwhile to assess whether any dysfunction of DEDD is present, either in the whole body or in specific tissues, in a subset of type 2 diabetes patients. Schumann et al. (39) reported that the Fas pathway, where many DED-containing elements are associated, is involved in ␤ cell secretory function. Thus, DED-containing proteins might also influence metabolic homeostasis through apoptosis cascades, although DEDD Ϫ/Ϫ cells or mice showed no apparent defect in apoptosis (10, 11) . Future analyses will clarify this issue more precisely.
